A master circadian clock resides in the brain and is required to synchronize the clocks in peripheral tissues such as the liver. Until now, it has been unclear how the central clock synchronizes the peripheral ones. New work points to one of the core clock genes, mPer2, as an essential link in this chain.
Circadian rhythms define our daily existence. By coordinating our metabolic status, hormonal milieu, body temperature and sleep-wake state over the day, circadian clocks act as an internal metronome [1] . In mammals, the master clock resides in the suprachiasmatic nuclei (SCN) of the brain's hypothalamussetting internal time for the rest of the body. The molecular SCN clockwork consists of interconnected negative feedback loops in which clock gene expression is repressed by their cognate proteins: activating transcription factors BMAL1 and CLOCK drive the loop, and the negative factors PER1, PER2, CRY1 and CRY2 close it, completing an approximately 24 hour cycle [1, 2] . An accessory feedback loop, in which the orphan nuclear receptor REV-ERBa periodically represses Bmal1 transcription, enhances the oscillator's stability, precision and robustness [3] . As well as this central clock, it is now well recognized that individual peripheral tissues, and indeed the cells within them, have autonomous circadian clocks, similar to those within the SCN [1,2]. But how does the SCN communicate with the rest of the body to synchronize the organism's timing, and what are the molecular events involved in mediating peripheral clock resetting?
Recent work by Kornmann et al.
[4] has pushed us closer to understanding central-peripheral clock interactions by adopting an elegant systems-level approach. First, they cleverly created a transgenic mouse in which a tetracycline antibiotic (doxycycline) could be used to turn the liver clock (and only the liver clock) on and off at will by switching REV-ERBa expression. With the liver clock turned on, they found that about 350 genes had a robust circadian rhythm of expression as assayed by Affymetrix GeneChip transcriptional profiling. When the liver's clock was turned off by feeding the animals doxycycline, they were able to unmask the effects of systemic cues, arising from the still ticking SCN clock, on circadian expression in the liver. They found that almost 90% of the circadian genes failed to oscillate in the 'timeless' liver. But, amongst the 31 transcripts that continued to oscillate unabated, was the canonical clock gene mPer2. Thus, even though the liver clock was disabled, systemic cues were able to keep mPer2 expression ticking.
So, is circadian mPer2 expression in the liver simply a result of systemic cues or does the liver's own clock also control its transcription? To investigate this, Kornmann et al.
[4] used a mouse in which the luciferase coding sequence had been knocked-in into the native mPer2 gene to make an mPer2::luciferase (mPer2::luc) fusion gene [5] . The resultant mice make mPER2:LUC fusion proteins which function just like the wild-type, untagged mPER2 protein [5] . With this technology, the group was able to monitor transcription of mPer2 in vitro by explanting liver tissue from these mice, and using luciferase to report mPer2 expression. When they did this, they found that the explanted livers displayed robust mPer2::luc rhythms ex vivo -in the absence of any systemic circadian cues. Thus, the group [4] has shown dissociable behaviours of mPer2: it is both part of the core oscillator but also a target of systemic cues -a mediator of internal synchrony.
Why should biomedicine be interested in this biological subsidiarity between central and peripheral clocks? Well, the role of peripheral clocks is to drive tissue-specific local metabolic programmes, as revealed by transcriptional profiling (as used above) [6] [7] [8] [9] and by proteomic analyses [10] . This has shown that key metabolic pathways in the liver are under circadian control, with the clock directing the expression of rate-limiting enzymes, at both the transcriptional and protein level [6] [7] [8] [9] [10] . This tissue-level orchestration of gene and protein expression optimizes the tissue to perform its specialized role in vivo, most obviously temporally segregating incompatible catabolic and anabolic processes. Moreover, accumulating evidence points to the fact that, in the case of the liver, circadian clocks are important in the proper coordination of the cell cycle and the metabolism of drugs (including cytotoxic chemotherapeutic agents) and toxins [1, 6, 11, 12] . This has obvious clinical and biological relevance. Although we now have a good understanding of circadian programming in peripheral tissues, and its importance to normal biological function, until now we have had little concrete information on how synchrony between the master central clock and peripheral oscillators is achieved: in particular, what are the systemic cues that could address local Per2 expression and thereby mediate synchronization between central and peripheral clocks?
The master clock in the SCN regulates many rhythms that could be used as systemic cues, such as autonomic activity, hormone levels and body temperature [1,2]. The latter has been proposed as a key regulator by Kornmann et al.
[4] because of their finding that oscillation of a variety of temperature-regulated proteins, like that of mPer2, is dependent on systemic cues [4] . Interestingly, both heat-inducible transcripts (encoding various heat-shock proteins) and an antiphasic cold-activated gene (cold-induced RNA-binding protein) were still rhythmic when the liver clock was turned off in vivo. The implication from this is that temperature cycles are important in entraining the liver in vivo. Furthermore, the team provided tantalising data suggesting that mPer2 is also heat-inducible, using transcription of mPer2::luc in explanted livers as a readout following heat-shock to 40 C in vitro. Is this the whole story thoughdo body temperature cycles explain central-peripheral synchronization? Generally, biological systems do not use a single method to achieve a goal, and this redundancy allows stability and robustness, so what other cues might be involved? Endocrine rhythms, in particular circadian glucocorticoid variation, have attracted recent attention. Glucocorticoid signalling has been found to affect transcription of a limited number of core clock genes both in cells and in vivo, implying a role in peripheral resetting [13] [14] [15] . Another recent study [16] complements the work of Kornmann et al.
[4] by using SCNlesioned mice and transcriptional profiling to address the role of glucocorticoid signalling in synchronizing the liver clock in vivo.
By removing the SCN from the equation, rhythmic systemic cues are not present in lesioned mice, meaning that perturbations by potential synchronizers can be examined in vivo [16] . In this case, injections of the glucocorticoid analogue dexamethasone were used to probe circadian gene expression in the livers of SCN-lesioned animals. Importantly, this study also found that mPer2 is a target for glucocorticoids in vivo. But it also highlighted an integral liver transcription factor, hepatocyte nuclear factor 4 alpha (HNF4a) as a key target for circadian and glucocorticoid-mediated orchestration of liver gene expression [16] . Thus, glucocorticoids, as well as body temperature, are likely to be key synchronizers of the liver clock, acting through transcriptional cascades involving mPer2 and other regulators (Figure 1) .
Synchronization of central and peripheral clocks is important for proper coordination of different organs in the body. The findings discussed above clearly highlight that mPer2 is a convergent target for at least two systemic cues: body temperature and glucocorticoids (Figure 1) . In this regard, it is special amongst the other 'core' clock genes. Compelling evidence for its importance in vivo is provided by numerous observations, such as the striking phenotype of the mPer2 knockout mouse [17] and the significant finding that tumourgenesis is accelerated in mPer2-deficient mice [18, 19] . Rather than mPer2 being a tumour-suppressor gene per se, its loss may instead result in aberrant circadian programming, producing excess cell turnover within tissues [11] . Certainly, to date, mPER2 seems to do it all -it is an integral part of the central and peripheral molecular clockwork but can respond to extraneous cues, such as light-activation of SCN cells, and internal cues, such as temperature and glucocorticoid effects in liver, to reset local tissue clock time [2] . Whether it is unique in this regard, however, remains to be seen. That some physiological traits in honey bee workers do show a decline in performance with age is supported by a recent study [6] which measured the age-specific resistance of workers to three different physiological stressors. The results showed that resistance to oxidative stress, starvation and heat stress was significantly better in 10-day old nurse bees than in 50-day-old 'overage nurse bees' (worker bees that had been experimentally forced to continue nursing activity). This finding cannot be due to differences in activity between young and old workers, because both groups performed similar tasks. Furthermore, the result is unlikely to be caused by higher nutritional reserves in younger bees, since lipid stores in young and overage nurse bees were comparable.
There are several possible explanations for the seemingly contradicting findings of the two
